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INTRODUCTION

The maps that comprise the NWC Active Fault Map Series include
much of Indian Wells Valley (IWV) and a large portion of the Rands-
burg Wash/Mo jave "B" test range area of the Naval Weapons Center
(Figure 1). Mapping within Indian Wells Valley included seven
complete 7-1/2 minute quadrangles and sections of four additional
quadrangles for a total of over 1400 km 2. Mapping within the Rands-
burg Wash/Mo jave “B" test ranges included five complete 7-1/2 minute
quadrangles, largely along the Garlock fault, and totaled nearly
800 km“. These annotated maps show the locations and morphology of
the active faults identified within the study area. The annotations
and map symbols describe features indicative of fault offsets or give
characteristics of the fault's history, such as the scarp angle or
number of earthquakes. For several locations the features suggestive
of fault activity or of slope instability are indicated.

The following sections describe the mapping process, criteria
used in evaluating the faults, descrintions of the major active fault
zones and discussions of various seismic hazards. Also included is
the recommendation that a seilsmic hazard special studies zone he
established along the trace of the Little Lake fault zone, within the
City of Ridgecrest.

ACTIVE FAULT DEFINITION

Although it 1s a commonly used term, "active fault” lacks a pre-
cise and universally accepted definition. Most workers, however,
accept the following:

“Active fault - a fault along which there is recurrent
movement, which {8 usually indicated by small, periodic
displacements or seismic activity” (Reference 1).

Slemmons and McKinney (Reference 2) expand on thie hask definition
and include several characteristics of active faults:

“An active fault is a fault that has slioped during the
oresent seismotectonic regime and is therefore likely to have
renewed displacement in the future. The fault activity may
be indicated by historic, geologic, seismologic, geodetic,
or other geophysical evidence of activity. The rates of
activity aay vary from very low, with long recurrence
Intervals, to very high, with short recurrence intervals.”
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In addition to the above, current usage generally requires that a
time factor be included. Most agree that any demonstrable movement
during the Holocene Epoch, approximately the last 10,000 years,
qualifies the fault as "active.” For this study we use 12,500 years,
which corresponds to the most recent high level of pluvial Lake
China. Depositional and erosional features of this and much more
recent; lower lake levels occur within Indian Wells Valley and pro-~
vide useful age constraints.

Some mapped offsets along the Sierra Nevada may predate 12,500
years. However, this segment of the fault zone has been designated
as a "seismic gap” (References 3 and 4) which justifies conservatism
in earthquake hazard assessment. Seismic gaps are segments of fault
zones that have not experienced a significant earthquake during the
time that most of the other segments of the zone have. Thus, seismic
gaps are thought to have a high potential for future earthquakes and
have been found useful 1ian predicting earthquakes.

ACTIVE FAULT MAPPING AND DATA ACQUISITION

Preparation of the NWC Active Fault Map Series spanned nearly 10
years. During this time, we obtained and analyzed about 1,500 new
aerial photographs, conducted aerial reconnalssance, acquired special
purpose aerial photography along critical fault zones, excavated and
logged several trenches across active faults, surveyed and profiled
numerous fault scarps, conducted selsmic surveys, and carried out
field studies to verify the correctness of our data and interpreta-
tions and to obtain additional data.

We produced itnittal fault maps using stereographic palrs of low-
sun-angle, color, aerial photographs at a scale of 1:12,000 in the
manner of Cluff and Slemmons (Reference 5). These photographs were
taken early in the morning or late in the afternoon when the sun was
less than about 20 degrees above the horizon. The low sun—angle
accentuates fault traces by casting shadows across the fault scarp or
by highlighting it. Many of the faults mapped from these photographs
are difficult, i{f not 1impossible, to recognize on existing black and
white, small scale, high-sun-angle photographs because of the subtle
topographic and geomorphic expression and the subdiced contrast of the
desert sand and other surficial deposits. The photographs were use-
ful in {dentifying topographic and geomorphic features that are
commonly associated with active faults. Most of the features are
shown in the block diagram at the lower left corner of each map.

In addition to the color aerial photographs, we obtained low-
altitude, large-scale, black and white, stereographic photographs
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along certain critical zones, such as the segment of the Little Lake
fault responsible for the 1 October 1982, M=5.2 (recently downgraded
to M=4.8) earthquake. The available photographic coverage was sup-
plemented with color siides, and color and black and white photo-
graphs taken from both afrcraft and on the ground with hand-held
cameras. Existing black and white aerial mappoing vhotographs with
scales ranging from 1:34,000 to 1:47,200 were also used extensively.

Trenches were excavated across several faults to determine the
displacement history of the fault and to collect datahle materials
such as carbon for radiometric dating (Reference 6). The trenches
which were about 4 m wide and ranged from 3 to 5 m in depth and from
30 to SO m in length. 1In one particularly important trench in which
the walls tended to collapse, we photographed the walls with a large-
format camera to obtain stereographic coverage for later analysis.
Trench locations are indicated on some of the maps.

We surveyed and constructed topographic profiles for numerous
fault scarps that displayed evidence of multiple offsets. A slope
formed by faulting and subsequent erosion is often composed of two or
more segments, or bevels that are useful in estimating the age of the
earthquakes, the amounts of offset, and their magnitudes. The bevel
angle and height can be directly measured in the field or from
topographic profiles of the fault scarp obtained by surveying. The
locations and data obtained from these surveys are shown on the maps.

The mapping project involved considerable field work and ground
verification. This consisted of examining the fault scarps and
ad jacent areas to determine the characteristics of the mapped or
suspected offsets. The field work provided data such as fault-scarp
profiles, displacement measurements, analyses of small-scale geologic
structures, sample collection, field measurements, and detailed map-~
ping that could not be obtained by other means. During the field
work we added several previously unrecognized active faults and
eliminated several fault-like features that could be attributed to
other causes.

DETERMINATION OF FAULT AGE

NDetermining the age of prehistoric fault offsets is frequently a
difficult task based upon the synthesis of numerous hits of data from
several, sometimes independent sources. The ape-~determination tech-~
niques used during this study include structural and stratigraphic
relationships, soil development, trenching data, tephrachronology,
radiometric dating, fault-scarp profiling, and geomorphology. Using
these techniques, we were able to estimate or at least bracket the
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ages of movement along many of the faults within the study area and
thereby classify them as elther active or inactive.

A basic tenet of geology states that any structure, for example
a fault, that cuts across a stratigraphic unit 1s younger than that
stratigraphic unit. Thus, by determining the age of the strati-
graphic unit we can assign a maximum age for the fault offset.
Within the mapped region, many of the faults cut across sediments
(stratigraphic units) deposited in ancient Lake China and Take
Searles. These lakes filled completely and overflowed into lower
basins between about 12,500 and 10,000 years ago (Reference 7).
Climatic changes then caused the disappearance of the lakes until
between about 6,000 and 2,500 years ago when they were partially
refilled. The sediments deposited in the lakes during these two
periods provide datums for estimating the ages of the faults that
offset them. Other datable stratigraphic units such as deposits of
afirborne volcanic materials (tephra) and ancient soils (paleosols)
can also be used for this purpose.

Tephra and paleosols are found within the study area. The tephra
deposits are often assoclated with volcanic eruptions that have bheen
dated by radiometric methods. Although found at some distance from
their sources in the Coso Range and elsewhere they generally provide
reliablie age control markers. The age dating of paleosols 1s not as
reliable or straightforward as it is for tephra and involves asses~
sing the degree of soil development. Because numerous factors affect
the rate and characteristics of soil development only a minimum,
maximum, or broad range can generally be estimated for the age of
most paleosols. Despite the difficulties encountered, both paleosols
and tephra often prove useful in fault movement age determinations.

Nften, datable materials or stratfgraphic units with known ages
are not found at the surface and it becomes necessary to dig an
exploration across the fault. The trench walls often reveal the
fault plane, offset stratigraphic units and younger non-offset
stratigraphic units. Figure 2 shows as example of how these features
might appear in a trench. Of special interest to the geologist is
the progressively greater increase in offset with age. This {ndi~
cates that more than one earthquake has occurred along the fault
since the oldest sediments were deposited.
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FIGI'RE 2, Features Typically Observed in Walls of Trenches Excavated
Acrogs Active Faults. The ages of the sediments increase with denth.

The number of bevels that comprise a4 fault scarp and the steeon-
negs of the bevels can be used to determine the number and ages of
the earthquakes that formed the scarp (Reference R). Figuie 3, an
example of a fault scarp pnrofiie, shows the youngest bevei, which
corrvesponds to the actual fault plane; an older, shallower -dioping
{ntermeifate hevel; the oldest and shallowest dinplng bevels; and the
nriginal offset ground surface. The bevels indicate that three
earthquakes formed the fault scarp and that there was suffi:lent tine
between the earthquakes for the original, steep fault scarp bevel %o
erode to a shallower angle prior to the subsequent earthquake. 1If we
can determine the cate of bevel erosion, it is possible tn correlate
the hevel angle with the age of the beveli. The age’angle correlation
nroblem {8 difficult to solve, but can provide reasonahle estimates
for the ages of earthquakes, and at a miaimum, provides valuable
Informatfon ahout the recurrence characteristics of earthquakes
assoclated with a particular fault.
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FIGURE 3. Topogranhic Profile and Hypothetical Cross Section Across
an Active Fault Showing the Development of Erosional Beveis.

Geomorphic (landform) criteria such as that desccibed ahbove are
nseful in estimating the ages or relative ages of fault scarns
(Reference 9). Typlcal fault-related geomorphic features are shown
in the block diagram on each map sheet. In nractice, subjective
judgments of the ages of the features must be amde. Young, fault~
related geomorphic features tend to be sharp and angular whereas
older features become more rounded and subdued. The fauit scarp
bevels shown in Figure 1 are an example of this phenomenon. Although
they do not yield definitive ages, geomorphic features heln the
geologlst determine the number of earthquakes that have occurred,
thelr ages, and amounts of displacement. DNata such as these are used
in reconstructing the earthguake history of the fanit which 1s used
as an indicator of future selsmic activity.

MAJOR ACTIVE FAULTS IN THE REGION

Four major active faults nresent a direct hazard to development
within the mapned area: the Little Take (LLFZ), the Airport Lake
(ALFZ), the Sierra Nevada (SNFZ), and the Garlock (GFZ) fault zones.
Flgure 4 shows these fault zones relative to the other major active
faults in the reglon. The LLFZ strikes southeast across TWV from {its

bt —
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intersection with the SNFZ near Little Lake and based on selsmicity
data, appears to terminate against the Garlock fault.

The maximum
credible earthquake for the right-slip to right-oblique-~siin LLFZ
could conceivably exceed M=8 {f si{multaneous rupture along the 3NFZ
occurs.

However, work by Roquemore (Reference S) and a preliminary
analysis by the U.S. Geological Survey indicate that M=A.5 is more
appropriate for earthquakes involving only the LLFZ.

Data obtained
since 1938 suggest that earthquakes of ahout ¥=5 with a recurrence

neriod of 20 years could be considered as “characteristic earth-
L. quakes” (Reference 10) for the fault.

Seismological studies of the
LLFZ (Reference 11) indicate that the fauit dips steepiy northeast
and,

therefore, earthquake epicenters are displaced northeast of
mapped fault trace.

the
As a result, much of Ridgecrest and W€ are
located within the expected eplceantral zone for future, damagl-in
earthquakes.

The southern segment of the LLF7 18 aiso referred ty as
the Shangri La Ranch fault.

119 118 117 116
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Flegure 4. Tocations of Important Active Fauits In the NWC
Region.,

The ALF7 strikes north-south through the Coso Range, {nto TWV and
terminates against the LLFZ {n the Armitage Fieid area. The fault
zone 1s a system of nested grabens that range in width from 0.5 to
8 km. The maximum vertical offset 1s 60N m. BRecause of 1its
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structural characteristics and close association with volcanic activ-~
ity, Roquemore (Reference 12) describes the ALFZ as a possible rift
valley that could be responsible for future volcanic and seismic
activity. Trenching studies by Roquemore (Reference 6) suggest that
the zone may be cavable of M=7.4 earthquakes. Several swarms with
earthquakes exceeding M=4 have occurred along the fault in the Aicport
Lake area during the last several years (see for example Reference
13). South of Airport Lake, within the zone of intersection between
the ALFZ and LLFZ, five earthquake swarms with over 1000 earthquakes
occurred during 1981-1983, including the 1 October 1982, M=4,8 shock
(References 11, and 13 through 16). Within IWV it appears that the
regional east-west extensional stresses and northwest-southeast shear
stresses are being accommodated by displacements along the LLFZ and
ALFZ.

The SNFZ is a major range-bounding fault that separates IWV and
the Sierra Nevada and extends for several hundred “ilometers along the
east side of the range. The fault has generally been consldered as
the western edga of the transfition zone separating the right-slip tec-
tonics of the San Andreas fualt system from the exentional tectoalcs
of the Basin and Range Province. However, work durlng the last
several years (Refevrences 17 through 19) suggests that reglional exten-—~
slon 1s migrating westward into the Sierra Nevada. Normal and right-
normal-oblique-slin faulting that accommodates northwest-southeast
regional shear and east-west regional extension has been documented at
several locations along the Siertra Nevada fault (References 20 and
21). Savage et al. (Reference 22) report 4 mm/yr of right-slip paral-~
lel to the fault and about 1 mm/yr of extension normal to it, based on
geodetic surveys in Owens Valley, thus conflirming right-normal~
oblique~-slip strains.

One of the largest earthquakes that has occurred in the Western
United States is onften, and incorrectly, attributed to the SNFZ. This
was the 1872, M>8.25, Lone Pine, Calfiornia, earthquake (Reference 23)
that occurred aTbng the Owens Valley fault, slightly east of and sub-
parallel to the SNFZ. These two fauits merge into a single zone near
Big Pine on the north and Owens Tlake on the south and therefore should
probably be considered as segments of the same regional fault. These,
and other data, prompted Wallace (References 3 and 4) to classify the
segment of the SNFZ south of the 1872 rupture zon2 as a selsmic gap
capable of a M=7.0 earthquake. This segment of the SNFZ includes the
west border of IWV. Although the faults mapped along this segment
have not been shown to have moved during the last 10,000 yr, their
youthful appearance and designation as a seismic gap should qualify
them as “active” for plaanning purposes.

The GFZ {s one of the longest active faults in Callfornia and

forms the houndary between the extensional tectoalcs of the Basin and
Range province to the north and the relatively more stahle Mojave

10
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NDesert province to the south. Numerous studies have shown that the
GFZ {s a major active left-slip fault, the western segment of which
is slipping at a rate of about 7 mm/yr, and the castern segment of
which appears to be temporarily locked. Astiz and Allen (Reference
24) summarize much of what 18 known about the seismology and tec-
tonics of the fault. As a result of their study, they conclude that
the eastern segment of the GFZ, that {s, the segment approximately
between the Garlock townsite and Death Valley, 1s a seilsmic gap
cavable of producing earthquakes in the M=7.6 to 8.0 range.

The four active fault zones discussed above are capable of
producing moderate to great earthquakes. Fach fault passes beneath
or near population centers, important facilities, utility corridors
and transportation routes. Active faults of lesser importance also
occur throughout the mapped area. The potential hazards associlated
with active faults in this region should be adequately incorporated
into any future development or planning.

RECOMMENDED SEISMIC HAZARD SPECIAL STUDIES ZONE

Several factors, most notably ground-surface disruption by
cultural activities, prevented detailed mapping of the Little Lake
(Shangri La) fault zone in the Ridgecrest area. Because of the
potentially serious earthquake hazard, we have designated a porticn
of this area as a Recommended Seismic Hazard Special Studies Zone.

At least three earthquakes with magnitudes of about M=5 have occurred
on the Little lake fault during the last 49 years: 1938, 1961, and
1982. Of these, only the 1982 M=4.8 event received detailed study
(References 14 and 15). The epicenter of this earthauake was 14 km
northwest of the Ridgecrest City Hall and occurred within a sparsely
developed area of the NWC test ranges. The earthquake ruptured the
ground surface over a distance of 10 km and was associated with
numerous lesser magnitude aftershocks. Reported damage was minor due
to the distance between the epicenter and population centers. Had
the epicenter been further south, for example, within Ridgecrest,
serious damage and injuries could have occurred.

Standard construction and siting practices designed for use in
selamically active areas can greatly reduce the hazard to 1life and
property. These practices depend on the proximity of the structure
to the fault; and, therefore, the locations of any faults should be
determined prior to construction so that the proper design and get-~
back criteria can be incorporated. 1In addition, one should be aware
of other factors such as potentially liquefiable materials, high
ground-water tables or marginally stable slopes that may affect the
structure during an earthquake. Because the locations of the fauilts

11
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within the special studies zone cannot be readily determined from
surface expression alone, we recommend that aopropriate investiga-
tions, for example trenching, drilling or geoohysical exploration
techniques, be conducted on a site-specific basis pnrior to final con-
struction approval.

EARTHQUAKE DAMAGE POTENTIAL

The following 1s a brief discussion of several factors that
influence the level of damage that occurs during earthquakes. The
iist 1s not all inclusive, only exemplary. Considering factors such
as these during the planning, siting, exploration, design and con-
struction phases of any project can result in a holistic soiution to
the general prohlems of damage, personal injury and death that will
occur as the result of future, damaging earthquakes, both locally and
in the region.

The level of damage resulting from an earthquake 1s influenced by
several geologic and geotechnical factors, such as the magnitude of
the earthquake, the distance from the epicenter, the depth of the
earthquake, the type of fault movement, the type of geologic materi-
als, the depth to ground water at the site, and local topograohy.

The NWC Active Fault Map Series is intended to show the locations of
known active faults so that finappropriate development of these areas
can be avoided. Active fault zones are ideally suited for greenbelts
and various recreational uses, and should be avoided for residential
and commercial development; they must absolutely be avoided when con-
structing lifeline facllities such as hospitals, fire and police
stations, utilities, and other facilities that must function during
emergencies. One must also recognize that other, unmapped active
faults may exist and that faults now considered inactive, and thus
not shown on the maps, could rupture during future earthquakes.

Ground Shaking and Building Response

The severity of ground shaking experienced at a site is strongly
influenced by the magnitude of the earthquake, the distance from the
epicenter and site geology. In general terms, the severity of
shaking tends to decrease with decreasing earthquake magnitude and
increasing epicentral distance. However, the site geology and type
of construction can markedly intensify the arriving seismic energy.
It has long been recognized that structures built on bedrock often
suffer less damage than those sited on alluvium (Reference 25). The
difference results from the manner in which the seismic energy passes
through the medium. For hedrock, the energy passes without

12
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modification, but for the softer alluvium the seilsmic wave behaves
similarly to a shoaling sea wave, that is, the wave amplitude and
wavelength increase. As a result, structures sited on thick alluvium
tend to experience larger ground surface displacements and higher
accelerations and velocities that can result in more severe struc-—
tural damage than would occur to similar structures on bedrock. This
is especially true of tall buildings built on aliuvium.

Another factor that should be considered i{s the natural frequency
of the structure relat{ve to that of the subsurface mass. If the two
natural frequencies are similar, for example a ductile five story
building with a natural frequency of about 0.5 second, and the allu-
vium of Indian Wells Valley with an estimated natural frequency of
0.5 second, then there would be a tendency for the structure to reso-
nate during an earthquake and suffer greater damage than {f the
natural freguencies were diss{mflar. Similarly, stiff, brittle
structures should be avoided on bedrock, where the natural frequencv
would usually be higher.

Although structures cannot always be builit in perfect harmony
with their seismic and geologic environament, the level of damage
experienced during an earthquake can be minimized by incorporating
the results of a preconstruction geotechnical and geological site
investigation and strict adherence to at least the minimum design and
construction practices required by the Uniform Building Code for
Seismic 7one Four. These are, however, minimum requirements; and
higher standards should be used wherever possible, especially when
critical facilities, such as 1ifelines, are involved. Additionail
protection can be obtained by incorporating modern earthquake engi-
neering concepts such as base isolation and various damping systems.

Liquefaction

Liquefaction refers to the temporary transformation of a soil
mass from the solid to liquid state during an earthquake. Because
the soil mass may lose the ability to support even {itself, liquefac-
tion is responsible for a high percentage of the damage that has
occurred during many earthquakes. In general, liquefaction is most
likely to occur under the following conditions: (1) the local earth-
quake has a magnitude of M>5, (2) the water table 1s within 10 m of
the surface, and( 3) the soil consista of fine grained, pooriy-
graded, cohesionless material such as siit or fine sand. Typical
liquefaction damage includes foundation failures of buildings and
bridges, collapsed roads, slope failures and wat:rfront and shoreline
failures. The generalized liquefaction potential for a portion of
IWV has been determined by Banks (Reference 26). Detailed studies
should be conducted for sites that are located in areas of high to
moderate susceptibility as {ndicated by Banks.

13




NWC TP 6828

Slope Stability

Seismically induced slope instability is not a major considera-
tion throughout much of the mapped area. The greatest hazard will
occur in the adjacent mountainous areas of the Sierra Nevada, Argus
and other ranges. Rockfalls, landslides and related road closures
should be the most serious problems. These will range from localized
to regional in extent depending on earthquake magnitude and location.
Slope failure or fault rupture could, however, seriously affect the
aqueduct system along the Sierra Nevada.

SUMMARY

The NWC Active Fault Map Series shows the locations of active
faults within much of Indian Wells Valley and portions of the Rands-
burg Wash/Mojave "B” test range areas of NWC. The mapped faults
either show evidence of having moved during the last 12,500 years or
occur within {identified selsmic gaps. Only fault traces that extend
to the ground surface or show other evidence of surface deformation
have been mapped; and, therefore, additional studies, such as treach-
ing, should be conducted prior to developing areas near or along the
trend of the mapped faults. This is especially true within the
recommended Seismic Hazard Special Studies Zone of Ridgecrest where
the fault traces are poorly developed or preserved.
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ERRATA SHEET FOR MAPS

Pearsonville OQuadrangle Map

- Allignment should bhe Alignment
- Nothern should be Northern
~ 1 Oct 1985 should be 1 Oct 82

Inyokern Southeast Quadrangle Map

- Vegitation should be Vegetation
Vegatation should be Vegetation
Allignment should be Alignment
groundwater should be ground-water

Ridgecrest North Quadrangle Map
- STUDES ZONE should be STUDIES ZONE
- actively-occurring should be actively occurring
- 1 Oct 85 should be 1 Oct 82
Ridgecrest South Quadrangle Map
- Fault trace {n the northwest corner {s mislocated approximately
800 feet northeast of its true locatfion.
Christmas Canvon Quadrangle Map
- allignment should be alignment
- Liner trench should be Linear trench
Windgate Ouadrangle - SW Map

- alluviu should be alluvium
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